typic data suggesting an accelerated rate of cerebellar expansion in apes that is beyond that predicted from scaling with the neocortex in other primates. Finally, we present evidence that the strength of selection on specific genes is associated with variation in the volume of either the neocortex or the cerebellum, but not both. This result provides preliminary evidence that co-variation between these brain components during anthropoid evolution may be at least partly regulated by selection on independent loci, a conclusion that is consistent with recent intraspecific genetic analyses and a mosaic model of brain evolution that predicts adaptive evolution of brain structure.
Introduction
The proximate basis of primate brain expansion and the evolution of increased cognitive performance lies in changes in gene function and regulation. Identifying the genetic basis of phenotypic change can provide insights into how developmental mechanisms evolve, how they Keywords Brain evolution · Cerebellum · Neocortex · Molecular evolution · Primates
Abstract
What adaptive changes in brain structure and function underpin the evolution of increased cognitive performance in humans and our close relatives? Identifying the genetic basis of brain evolution has become a major tool in answering this question. Numerous cases of positive selection, altered gene expression or gene duplication have been identified that may contribute to the evolution of the neocortex, which is widely assumed to play a predominant role in cognitive evolution. However, the components of the neocortex co-evolve with other functionally interdependent regions of the brain, most notably in the cerebellum. The cerebellum is linked to a range of cognitive tasks and expanded rapidly during hominoid evolution. Here we present data that suggest that, across anthropoid primates, protein-coding genes with known roles in cerebellum development were just as likely to be targeted by selection as genes linked to cortical development. Indeed, based on currently available gene ontology data, protein-coding genes with known roles in cerebellum development are more likely to have evolved adaptively during hominoid evolution. This is consistent with pheno-are constrained, and how changes at a cellular level contribute to broad-scale anatomical evolution [Rausher and Delph, 2015] . The potential to dissect the biological basis of brain and behavioural evolution motivates many genomic comparisons across primates [Enard, 2014] . These have identified numerous genes associated with brain development with high rates of evolution [Enard et al., 2002a; Pollard et al., 2006; Montgomery et al., 2011; Montgomery and Mundy, 2012a, b; Kamm et al., 2013; Boyd et al., 2015; Boddy et al., 2017] , divergent expression profiles [Enard et al., 2002b; Khaitovich et al., 2004; Brawand et al., 2011; Bauernfeind et al., 2015] or duplicated sequences [Burki and Kaessmann, 2004; Keeney et al., 2014; Florio et al., 2015; Zimmer and Montgomery, 2015] either across primates or during recent human evolution. In several of these cases the genetic changes have been demonstrated to have functional effects on neuronal proliferation or maturation [Enard et al., 2009; Pulvers et al., 2010; Kamm et al., 2013; Boyd et al., 2015; Florio et al., 2015] . These results highlight the potential cellular adaptations that drive changes in brain size, and they provide a powerful means to investigate human-specific adaptations.
The majority of these examples investigate genes linked to neocortical evolution, reflecting the widely held view that the neocortex has a predominant role in "higher" cognition. This view has been critiqued as "corticocentric myopia" by Parvizi [2009] for ignoring the importance of subcortical brain regions in supporting neocortical function. Indeed, the neocortex co-evolves with other brain components with which it is functionally connected, suggesting that a complete understanding of primate brain expansion will not be found by focusing solely on neocortex development [Barton and Harvey, 2000; Whiting and Barton, 2003; Barton, 2012] . Of particular importance is the relationship between the neocortex and the cerebellum, which share extensive functional and anatomical connections [Ramnami, 2006] . Indeed, corticocerebellar co-evolution pervades biological levels, occurring at a coarse volumetric scale, at the level of individual nuclei, and at the cellular level [Barton and Harvey, 2000; Whiting and Barton, 2003; Balsters et al., 2010; Herculano-Houzel and Sherwood, 2010] . Across primates, patterns of co-evolution between components of the cortical-cerebellar complex closely mirror their anatomical connectivity, with neocortex volume correlating strongly with cerebellar cortex volume, whilst the size of the cerebellar nuclei correlates with their downstream projection target, the thalamus, which in turn projects back to the neocortex [Whiting and Barton, 2003 ].
In humans, the cerebellum's role in the cortico-cerebellar complex is increasingly recognised to be important for both motor and "higher cognitive" function, including the capacity to plan and execute complex behavioural sequences [Ramnani, 2006; Parvizi, 2009; Barton, 2012] . Across primates, variation in cerebellum volume is linked to extractive foraging, after controlling for variation in neocortex volume [Barton, 2012] . The importance of the cerebellum in primate brain evolution is further bolstered by comparative analyses that demonstrate the cerebellum is expanded in hominoids [Rilling and Insel, 1998; MacLeod et al., 2003 ] due to a non-allometric expansion of the cerebellum relative to neocortex size that was caused by a faster-than-expected increase in cerebellum volume and neuron number that persisted throughout hominoid evolution [Barton and Venditti, 2014] . Although data at increasingly fine grained levels are more limited, the volumetric expansion of the whole cerebellum appears to be driven by a specific increase in the cerebellar lateral hemispheres [MacLeod et al., 2003] and possibly specific areas which receive direct functional connections with the prefrontal cortex [Balsters et al., 2010] , an area of the neocortex long thought to be selectively expanded in hominoids [e.g., Semendeferi et al., 2001; Schoenemann et al., 2005; Sherwood et al., 2005; Smaers et al., 2011 , but see Barton and Venditti, 2013; Gabi et al., 2016] . These data are indicative of an adaptive specialisation in the cortico-cerebellar functional relationship during hominoid evolution. Hominin evolution may also be characterised by reciprocal expansion of the neocortex and the cerebellum, with recent modern humans reportedly being distinguished from early modern humans by an increase in cerebellum volume beyond that observed for the neocortex [Weaver, 2005] . The cerebellum's role in computing complex sequences of motor behaviour suggests a possible link between cerebellar expansion and an enhanced capacity to plan and execute the kind of complex behavioural sequences necessary for both tool use and language development [Ackermann, 2008; Sultan et al., 2010; Leggio et al., 2011; Barton, 2012; Stout and Chaminade, 2012] .
The importance of a coordinated expansion of components of the cortico-cerebellum suggests that we must look beyond neocortical evolution to obtain a full picture of the genetic architecture of primate brain and cognitive evolution. The likely action of positive selection on genes involved in cerebellum development is further suggested by the accelerated rate of evolution of AHI1, a gene associated with developmental disorders of the cerebellum, during human evolution [Ferland et al., 2004] . Phyloge-netic approaches to studying gene-phenotype associations may be useful in addressing long-standing debates about the constraints governing co-evolving brain networks. For example, do the neocortex and the cerebellum co-evolve through genetically independent developmental changes maintained by selection [sensu Barton and Harvey, 2000] ? Or is their co-evolution the result of common developmental control or pleiotropic genetic effects shared across anatomical boundaries [sensu Finlay and Darlington, 1995] ? If the latter is true, do these pleiotropic effects reflect an evolutionary constraint, or have they evolved to maintain the functional relationship between components during brain expansion? These questions will be central to providing a full understanding of brain evolution, and to addressing questions of long-standing interest in evolutionary biology centred on the trade-offs between adaptation and constraint in the genetic basis of composite traits [Montgomery et al., 2016] .
Here, we ask three questions that provide an initial assessment of the role of protein-coding genes contributing to the development of the neocortex and the cerebellum in anthropoid brain evolution. First, we ask whether protein-coding genes with known roles in the development of the cerebral cortex, which is predominantly composed of the neocortex, are more likely to be targets of positive selection than those affecting cerebellum development. Second, we ask whether patterns of molecular evolution mirror non-allometric changes in whole component volume, with greater evidence of an accelerated rate of evolution in hominoids for genes implicated in the development of the cerebellum than for those genes with roles in cerebral cortex development. Finally, to explore whether cortico-cerebellar co-evolution at the volumetric level is maintained by selection acting on a common or independent set of genes, we test whether each gene evolves in a manner suggesting a specific evolutionary association with either or both brain components.
Materials and Methods

Data Collection
We used Gene Ontology data to build lists of candidate genes with known roles in cerebral cortex or cerebellum development. These lists are inevitably incomplete but provide an initial assessment of patterns of molecular evolution across genes with known roles in different aspects of brain development, based on currently available data. We obtained a list of human genes with known roles in "cerebral cortex development" or "cerebellum development" from two ontology databases: Amigo [Carbon et al., 2009] (GO:0021987 and GO:0021549) and QuickGO of EBI [Binns et al., 2009] best-matched definitions among those relevant for each component. In anthropoids, the neocortex comprises the vast majority of the cerebral cortex ( ∼ 90% [Stephan et al., 1981] ). This GO search resulted in 198 Amigo and 300 QuickGO genes associated with cerebral cortex development, and 144 Amigo and 222 QuickGO genes associated with cerebellum development, which are not mutually exclusive, that were then combined to form the starting gene set. This starting human gene set was then used to obtain 1: 1 orthologs from 11 anthropoid genomes ( Fig. 1 a) using a reciprocal best hit BLASTn [Altschup et al., 1990 ] approach between each species and the human coding sequence with an e-value cut-off of 1e -10 and a minimum percentage identify of 30. Eleven-way 1: 1 ortholog sets were aligned using codon aware PRANK v 140615 [Löytynoja and Goldman, 2010] , converted to phylip format in preparation for PAML analyses [Yang, 2007] and filtered using the conservative alignment filtering program SWAMP v 1.0 [Harrison et al., 2014] . SWAMP identifies short stretches in a gene alignment with unusually high numbers of non-synonymous mutations on individual branches of a tree that are typically caused by sequence or alignment errors and that produce false signatures of positive selection. The program removes these regions of poorly aligned or error-rich sequences on a branch-specific basis, reducing their effect on site-specific analyses of selection pressures [Harrison et al., 2014] . SWAMP was run twice, first using a threshold of 5 and a window size of 15, and then a second run with a threshold of 2 with a window size of 3, with a minimum sequence length of 300 bases and interscan masking for both runs. The final, strict and conservatively filtered 11-species dataset consisted of three non-overlapping groups: 53 genes with known roles in cerebral cortex development, 47 genes with known roles in cerebellum development and 10 genes with known roles in both (online suppl. File 1; online suppl. Table S1 ; see www.karger.com/doi/10.1159/000477432 for all online suppl. material). Additional analyses were conducted with broader GO terms to assess the potential for biases produced by GO selection; these are discussed in online supplementary File 2.
Selection Analyses
Estimation of dN/dS ratios (ω), a common measure of the strength of selection acting on a protein coding gene, was carried out using a codon-based maximum likelihood method (PAML v.4) [Yang, 2007] . The dN/dS ratio estimates the rate at which nonsynonymous substitutions are fixed ( dN ) relative to the rate at which synonymous substitutions are fixed ( dS ). Non-synonymous substitutions are assumed to affect protein function and they are subject to positive or negative selection, whilst dS is assumed to reflect the neutral rate of evolution [Yang, 2007] . Nested models were compared using the likelihood ratio test statistic (-2[log likelihood 1 -log likelihood 2]) to critical values of the χ 2 distribution and degrees of freedom as the difference in the number of parameters estimated in each model. We compared the frequency of positive selection acting on genes associated with cerebral cortex and cerebellum development in two ways. First, we used the site model tests of positive selection ("model 8/8a") to identify genes evolving under positive selection across anthropoids. The site models allow ω to vary across sites, but not across branches. Second, we used the branch-site models ("new model A") to identify genes under positive selection specifically in hominoids ( Fig. 1 a) . The branch-site models allow ω to vary across both sites and branch categories defined a priori. We repeated this test for accelerated rates of evolution in hominoids using a branch model test, where ω is fixed across sites but varies between branch categories. For each analysis, the percentage of each category of gene that experienced selection was compared using a Z test and the more conservative Fisher's exact test.
Gene-Phenotype Co-Evolution
We sought to test the link between the molecular evolution of our gene set and the evolution of neocortex and cerebellum volume using a phylogenetic, comparative approach [Montgomery et al., 2011] . Data on neocortex, cerebellum and total brain volume were taken from Stephan et al. [1981] , with additional data for Pongo from Zilles and Rehkemper [1988] . Rest-of-brain volume was calculated as total brain volume minus neocortex and cerebellum volume. Branch models in PAML were used to calculate the root-to-tip dN/dS for each species. These were then regressed against the phenotypic trait of interest using a one-tailed phylogenetic generalised least squares regression implemented in BayesTraits [Pagel, 1999] , which corrects for the non-independence of interspecific data. Each gene was regressed against absolute neocortex volume and absolute cerebellum volume as predictor variables simultaneously: log 10 ( dN/dS ) ∼ log 10 (neocortex) + log 10 (cerebellum). This permits the identification of genes with a specific, positive co-evolutionary association with either neocortex or cerebellum volume, or genes that co-vary with the volume of both traits. We also repeated the analyses including absolute rest-ofbrain volume as an additional predictor variable in the regression model: log 10 ( dN/dS ) ∼ log 10 (neocortex) + log 10 (cerebellum) + log 10 (rest-of-brain). This tests whether the results are robust to correction for a measure of overall brain volume. This analysis leads to results similar to those presented in the main text, identifying similar distributions of significant results and highlighting the same genes (online suppl. File 1; online suppl. Table S6 ). For the sole purpose of data visualisation we calculated residuals from Phenotypic associations for two genes, i.e., RGRIP1L ( a ) and ATRN ( b ). The log 10 -transformed root-to-tip (rtt) dN/dS is plotted against residual cerebellum volume, calculated from a phylogenetic generalised least squares regression of cerebellum against neocortex volume. The line shows the result of a phylogenetically controlled regression between rtt-dN/dS and residual cerebellum volume. This figure is for illustrative purposes; in the main analyses the two brain components were included as variables in a multiple regression.
a neocortex ∼ cerebellum volume regression to display the relationships for selected loci in Figure 2 . Residuals were not used in any statistical analyses contributing to the main text.
Results
What Proportion of Genes with Known Roles in Cerebral Cortex or Cerebellum Development Are Targeted by Pervasive Positive Selection?
Across anthropoids, the average rate of evolution of protein-coding genes with known roles in the development of the cerebellum did not differ from those with known functions in the development of the cerebral cortex, which is predominantly comprised of neocortex (Mann-Whitney U [98] = 1,167.5, Z = 0.539, p = 0.590) (online suppl. File 1; online suppl. Table S2) . Genes with annotated functions in the development of both brain components did not differ in their average rate of evolution from those specifically linked to either cerebral cortex (U [61] = 296.5, Z = 0.592, p = 0.554) or cerebellum development (U [55] = 241.5, Z = 0.136, p = 0.892). Site model tests for positive selection acting at a subset of codons also identified a similar proportion of genes associated with the cerebral cortex or cerebellum development genes with evidence of positive selection across anthropoids. Three of forty-seven cerebellum genes (6.4%) were significant at a nominal α of 0.05, compared to 5/53 cerebral cortex genes (9.4%). These proportions were not significantly different (Fisher's exact test, p = 0.716, Z test: z = 0.5613, p = 0.575) ( Table 1 ; Fig. 1 b; online suppl. File 1; online suppl. Table S3 ). The same conclusion was reached after correcting for multiple testing using the Benjamini-Hochberg method to control the false discovery rate [Benjamini and Hochberg, 1995] , after which the site model test was significant for two genes linked to cerebellum development (i.e., RPGRIP1L and PCNT ) and one gene linked to cerebral cortex development ( TACC2 ). None of the 10 genes with annotated functions in the development of both brain components showed evidence of positive selection. Given current GO data, these results suggest that protein-coding genes affecting cerebral cortex development are no more likely to be targeted by positive selection than those affecting cerebellum development.
Do Rates of Molecular Evolution Reflect Rates of Brain Component Expansion?
A significantly greater proportion of genes annotated in cerebellum development (14/47; 29.8%) than those annotated in cerebral cortex development (6/53; 11.3%) experienced an accelerated rate of evolution in hominoids, taking a nominal significance threshold of 0.05 (Fisher's exact test, p = 0.026, Z test: z = 2.304, p = 0.021) ( Table 1 ;  Fig. 1 c; online suppl. File 1; online suppl. Table S4 ). This result was also reflected in the branch-site test, where the proportion of our cerebellum genes (6/47; 12.8%) with evidence of episodic positive selection in hominoids again exceeded the proportion of our cerebral cortex genes (2/53, 3.8%). In this case the trend did not reach significance (Fisher's exact test, p = 0.143, Z test: z = 1.654, p = 0.099) (online suppl. File 1; online suppl. Table S5 ). However, one assumption of the branch-site test is the absence of positive selection in the background (i.e., non-hominoid) branches [Anisimova and Yang, 2007] . After excluding genes with evidence of positive selection across anthropoids under the site model test (online suppl. File 1; online suppl. Table S3), the proportions were 0/48 for Fig. 1 d) . Again, given available GO data, these contrasting proportions suggest that the strength of positive selection acting on genes controlling cerebellum development may have increased during hominoid evolution, a clade in which the rate of cerebellar expansion significantly accelerated [Barton and Venditti, 2014 ] beyond the rate predicted based on scaling with the neocortex in other primates [Barton and Harvey, 2000; Barton and Venditti, 2013] .
Is Selection Associated with Interspecific Variation in the Size of Specific Brain Components?
We identified 11/47 genes annotated in cerebellum development (23.4%) that co-evolved with cerebellum volume, independently of neocortex volume; 4 of these were significant at p < 0.001 and 2 ( RPGRIP1L and ATRN ) remained significant after FDR correction ( Table 1 ; Fig. 2 ; online suppl. File 1; online suppl. Table S6 ). We re-analysed the top 4 genes associated with cerebellum volume, separating dN and dS whilst accounting for co-variation in neocortex volume, to test if the association is driven by variation in dN . For 3/4 genes we found a significant partial regression with dN ( ATRN t 5 = 3.789, p = 0.006; EZH2 t 5 = 3.990, p = 0.005 ; KNDC1 t 5 = 3.586, p = 0.008), the remaining locus showed a non-significant trend ( RGRIP1L t 5 = 1.582, p = 0 . 087). Only one cerebellum development gene (2.1%) showed an association with neocortex volume, which is a significantly lower proportion (Fisher's exact test, p = 0.004, Z test: z = 3.091, p = 0.002). One of fifty-three genes annotated as functioning in cerebral cortex development ( DICER1 ) showed evidence of an association with neocortex volume (1.9%), whilst 6 (11.3%) showed evidence of an association with cerebellum size (online suppl. File 1; online suppl. Table S6 ). This was not a significant difference in proportion (Fisher's exact test, p = 0.113, Z test: z = 1.955, p = 0.050), only one of these associations was significant at p < 0.001, and none survived FDR correction. One of the ten genes annotated as functioning in both neocortex and cerebellum development ( GART ) showed an association with cerebellum, but not neocortex, volume (online suppl. File 1; online suppl. Table S6 ). Similar results were obtained when rest-of-brain was included in the regression model with the same region-specific pattern identified and a high degree of overlap between the genes highlighted as showing positive phenotypic associations (online suppl. File 1; online suppl. Table S6 ).
Our regression analyses, which included the absolute volumes of both brain regions as predictor variables, therefore failed to identify any gene that showed a coevolutionary association with variation in both neocortex and cerebellum volume, regardless of the gene category or the inclusion of rest-of-brain as a third variable. These results are consistent with the action of selection on genes associated with phenotypic variation specific to each brain component. To test whether this pattern is robust to the choice of GO term we performed a series of additional analyses using three further GO terms higher in the GO hierarchy: "brain development," "forebrain development" and "hindbrain development." The results were consistent with our main analyses, with an absence of genes which co-evolve with both cerebellum and neocortex volume (online suppl. File 2).
Discussion
Primate brain expansion reflects increases in the volume and neuron number of multiple co-evolving structures [Barton and Harvey, 2000] . This pattern of distributed adaptation must be reflected in the molecular evolution of genes controlling brain development. Our results provide two contributions to understanding the genetic basis of brain evolution. First, on the basis of currently available GO annotation data, we found no evidence that protein-coding genes associated with cerebral cortex development are more likely to have evolved adaptively across anthropoids than protein-coding genes linked to cerebellum development. Indeed, significantly more of these cerebellum genes experienced an increased rate of evolution in hominoids, consistent with evidence for a non-allometric expansion of the cerebellum in apes [Rilling and Insel, 1998; MacLeod et al., 2003; Barton and Venditti, 2014] . Second, we provide evidence that the selection pressures acting on some of these genes may be linked to evolutionary changes in the development of particular brain components, independently of others.
Our results suggest that a significant proportion of the genetic changes that underpin the adaptive evolution of primate brain size, structure and therefore cognition may affect aspects of non-cortical development. This conclusion is consistent with evidence of adaptive expansion in cerebellum volume during hominoid evolution [Rilling and Insel, 1998; MacLeod et al., 2003; Barton and Venditti, 2014] . Our results are, of course, wholly dependent on the quality of gene ontology annotation. Our incomplete knowledge of gene function makes it is inevitable Harrison/Montgomery Brain Behav Evol 2017; 89:274-285 DOI: 10.1159/000477432 280 that the genes included in this study reflect a minority of those that influence cerebral cortex and cerebellum development. Gene ontology datasets are routinely used in post hoc tests for functional enrichment where variable quality of GO annotation may also affect the power to detect enrichment among different gene classes. Here, we have used the available data to facilitate initial tests of specific hypotheses to determine whether, given existing data, there is any justification for a restricted focus on the genetics of neocortical expansion. In doing so, we adopted a conservative approach, analysing only genes with strict 11-way 1: 1 orthologs in published anthropoid genomes and removing short and/or poorly aligned sequence. This further reduces the gene set, but produces more reliable estimates of selection regimes [Harrison et al., 2014] . Although we cannot formally rule out the possibility that our gene sets may be biased in a way that would produce contrasting patterns of results between gene categories, our supplementary analyses suggest that the patterns we observed are robust among ontology terms higher in the GO hierarchy.
Changes in protein-coding genes offer one route for selection to alter development, but many evolutionary changes in brain development may be caused by altered gene regulation. Whether or not regulatory evolution is biased towards changes affecting particular brain structures has not been robustly tested. However a phylogenetic analysis of lineage-specific shifts in gene expression across mammals also found an over-abundance of hominoid-specific expression shifts in genes expressed in the cerebellum compared to those expressed in the rest of the brain [Brawand et al., 2011] . A comparison of the expression profiles of microRNA in humans, chimpanzees and macaques similarly showed high rates of evolution among cerebellar genes, although in this case the rate of change was higher for microRNA expressed in the prefrontal cortex [Somel et al., 2011] . These results at least suggest that future comparative studies of primate gene expression should not be limited to samples derived from cortical tissue, and functional tests of candidate genes identified as targets of positive selection in genome-wide scans should consider the phenotypic relevance of changes in gene function in non-cortical structures.
We also note that our analyses were designed to detect patterns of molecular evolution associated with changes in whole component volume. We do not rule out the possibility that the internal structure or physiology of either the neocortex or the cerebellum has, in part, evolved independently of their total volumes. Indeed, available data suggest that the internal structure of both the neocortex [Barton, 2007] and the cerebellum [Whiting and Barton, 2003 ] evolves in a mosaic manner. Across primates neocortical expansion is particularly associated with increases in the size of visual cortices [Barton, 2007] and cortical association areas [Sherwood et al., 2012] , whilst cerebellar expansion is particularly due to increases in the size of the lateral hemisphere [MacLeod et al., 2003] and those areas within the lateral hemisphere that receive projections from prefrontal areas the neocortex [Balsters et al., 2010] . This internal remodelling, which extends to fine grained morphology [see Verendeev and Sherwood, 2017] and has been suggested by some analyses of postnatal gene expression [e.g., Somel et al., 2009 Somel et al., , 2011 , may show a distinct phylogenetic signal and involve genetic changes that are at least partially independent of component volume (and by proxy neuron number), potentially by altering patterns of regional differentiation of proliferating progenitor cells [e.g., Sylvester et al., 2010] . Future work combining more fine grained neuroanatomical data with larger genetic datasets may provide more precise resolution of the genetic basis of the size and structure of brain components.
Nevertheless, our analyses highlight several genes with patterns of molecular evolution that link them to interspecific differences in cerebellum volume. These include two genes, i.e., RGRIP1L and ATRN , with a particularly strong signal of co-evolution between the strength of selection acting on their coding sequence and cerebellum volume, independently of variation in neocortex or restof-brain volume, in our gene-phenotype association tests ( Fig. 2 ) . RGRIP1L , which also shows evidence of positive selection hominoids, is one of a small number of loci linked to Joubert syndrome, a rare genetic disorder associated with severe hypoplasia of the mid-hindbrain and cerebellar vermis [Joubert et al., 1969; Doherty, 2009] . The cellular role of RGRIP1L appears to be in the correct function of the cilia and basal bodies [Arts et al., 2007; Delous et al., 2007] which are necessary for expansion of the cerebellar neural progenitor pool [Spassky et al., 2008] . Disruption of ATRN , an E3 ubiquitin ligase, in Mus causes vacuolization and degeneration of the cerebellum [Bronson et al., 2001; He et al., 2003] . Another ubiquitin ligase, UBE3A , has been implicated in brain and cognitive development [Wilkinson et al., 2007] and interacts with ASPM , a key regulator of brain size [Singhmar and Kumar, 2011] . A third gene, EZH2 , also shows evidence of a phenotypic association with cerebellum volume but is narrowly nonsignificant after FDR correction. EZH2 functions to regulate neuronal migration of precerebellar neurons during the development of the corticocerebellar connectivity [Meglio et al., 2013] .
We also found multiple genes with significantly accelerated rates of evolution in hominoids, coincident with an accelerated rate of cerebellar expansion [Barton and Venditti, 2014] . Several of these genes also showed an association with cerebellum volume in our gene-phenotype association tests at a nominal significance threshold of 0.05. These include AGTPBP1 , the disruption of which causes cerebellar Purkinje cell degeneration [Lalonde et al., 2006] , PCNT , which causes primordial dwarfism with microcephaly [Rauch et al., 2008] , TH , a gene linked to two disorders that affect motor control, Segawa syndrome and Parkinson's [Ludecke et al., 1995; Haavik and Toska, 1998 ], and MYO16 and GART which have been putatively linked to autistic spectrum disorders and Down syndrome, respectively [Brodsky et al., 1997; Liu et al., 2015] .
Finally, we identified patterns of molecular evolution that may implicate a separate group of genes in the evolution of neocortex size. Although our GO category "cerebral cortex" may include genes specifically involved in the development of cortical structures outside the neocortex, that are likely to co-vary with absolute neocortex volume, all of the genes highlighted by our analyses have known functions in the development of the neocortex. The sole gene to show a phenotypic association with neocortex volume, DICER1 regulates neurogenesis during the formation of the neocortex and the hippocampus in a timedependent manner [Davis et al., 2008; Kawase-koga et al., 2009] . Notably, although neither showed a phenotypic association in our gene-phenotype regression analyses, the two genes with the strongest evidence for episodic positive selection in hominoids belong to the same gene family. TACC1 and TACC2 are both associated with regulation of nuclear migration and they are required for normal patterns of self-renewal in neural progenitors. TACC interact with a centrosomal protein, CEP120, to regulate nuclear migration and the self-renewal of cortical neural progenitor cells by controlling microtubule growth [Xie et al., 2007] . A similar function is thought to mediate the influence of microcephaly genes on brain development [Thornton and Woods, 2009; Pulvers et al., 2010] .
Beyond the functional effects of individual genes, our approach has the potential to tackle fundamental questions about how composite or modular tissues, such as the brain, evolve. For example, two principle models of brain evolution dominate debates surrounding the adaptive significance of variation in brain structure. One model proposes that a conserved developmental program drives a "concerted" pattern of brain evolution, with selection shaping the overall size of the system rather than its individual components through a coordinated lengthening or contracting of a conserved developmental schedule governing the development of the size of brain components [Finlay and Darlington, 1995; Finlay et al., 2001 ]. An alternative model instead argues that different brain regions evolve independently of overall brain size to meet species-specific behavioural needs, resulting in a "mosaic" pattern of brain evolution, but stresses that brain regions may also co-evolve due to their functional interdependence [Barton and Harvey, 2000; de Winter and Oxnard, 2001 ]. These models are potentially non-mutually exclusive and reconcilable at a phenotypic level [Herculano-Houzel et al., 2014] , and there has been movement to accommodate some taxon-specific shifts in brain structure within the concerted framework [Clancey et al., 2000 [Clancey et al., , 2001 Workman et al., 2013] . However, focusing on the "polarised" interpretation of these hypotheses allows us to recognise that these two models implicitly make contrasting predictions about the genetic architecture and proximate basis of variation in brain structure [Airey and Williams, 2001; Montgomery et al., 2016] . The concerted model predicts that variation in the size of different brain regions will be determined by genetic correlations between those structures, i.e., variation in a common set of genes [Montgomery et al., 2016] . Although cerebellar and cortical cells are produced by distinct progenitor pools [Carletti and Rossi, 2007] , concerted expansion could be driven by changes in the global developmental schedules that define the order of neurogenesis across brain structures [Finlay and Darlington, 1995; , extrinsic morphogens that may act on multiple developing brain regions [Menuet et al., 2007; Sylvester et al., 2010] , or, in theory, pleiotropic effects of mutations in genes controlling cell division in multiple progenitor pools. The mosaic model instead predicts that the development of different brain regions must be at least partially distinct in order to facilitate independent evolution. In this case, both co-evolution between brain structures and non-allometric changes in component size may be explained by selection acting of distinct sets of genes [Montgomery et al., 2016] .
In recent years these predictions have been tested using quantitative genetics within a range of vertebrates, using wild pedigrees [Rogers et al., 2007 [Rogers et al., , 2010 Fears et al., 2009] , inbred mouse strains [Hager et al., 2012] or divergent populations/domestic breeds [Henriksen et al., 2016; Noreikiene et al., 2015] . In support of the mosaic brain hypothesis, these have found little evidence for widespread genetic co-variation between major brain components. Similarly, large genome-wide association studies Brain Behav Evol 2017;89:274-285 DOI: 10.1159/000477432 282 within humans have identified independent genetic bases associated with brain regions [Toro et al., 2013; Hibar et al., 2015] .
Quantitative genetics assesses the phenotypic associations of standing genetic variation within populations. Their relevance to macroevolution therefore depends on the relative frequency at which selection acts on de novo mutations that may cause different patterns of genetic correlation. Our phylogenetic approach complements these intraspecific studies, providing the first interspecific test designed to identify genes associated with neocortex and/or cerebellum evolution. Even after accounting for variation in total brain size, the size of these two structures shows a consistent pattern of co-evolution across primates, both at a volumetric and at a cellular level [Barton and Harvey, 2000; Whiting and Barton, 2003; Herculano-Houzel and Sherwood, 2010] , reflecting their functional interdependence [Ramnani, 2006; Barton, 2012] . However, our analyses did not identify any gene that shows a pattern of molecular evolution that co-varies with the volume of both structures across anthropoids, whereas it does identify multiple genes with a specific evolutionary association with either cerebellum or neocortex volume. This suggests that the co-evolution of these structures is unlikely to be solely due to genetic integration, common developmental control or pleiotropy, although such mechanisms may still play a role. However, if more broadly true, this conclusion bolsters the interpretation of cortico-cerebellar co-evolution as indicative of an adaptive relationship maintained by selection acting on distinct developmental pathways. We have focused here on two brain components that have clearly expanded during primate evolution, whereas the concerted and mosaic arguments extend across all brain regions. It remains possible, and indeed likely, that other brain regions show greater evidence of genetic integration. Understanding how and when such genetic and developmental links shape and constrain brain evolution remains central to interpreting the adaptive significance of brain size and structure [Montgomery et al., 2016] .
Comparative functional analysis of the genes highlighted by our analyses will be necessary to confirm and extend these conclusions. These will also be needed to address key questions beyond functional effects. For example, when disrupted, several of the genes highlighted by our analyses affect the development of multiple organs. For example, both AGTPBP1 and PAFAH1B have known roles in spermatogenesis [Yan et al., 2003; Kim et al., 2011] , whilst disruption of PCNT can affect global somatic growth [Rauch et al., 2008] . If these genes do have an evolutionary role in cerebellar development, how are these pleiotropic effects avoided? Similar questions have been raised regarding previous candidate genes [Pulvers et al., 2010; Montgomery et al., 2011] , further emphasising the importance of coupling comparative and functional data. Finally, volumetric data can mask a hidden diversity of neuron number. In particular, neuron density in the cerebellum is substantially higher than in the cerebral cortex [Herculano-Houzel et al., 2007] . Given that our primary interest is in the regulation of neurogenesis, future gene-phenotype analyses may benefit from an increase in the taxonomic sampling of studies which estimate neuron number across brain regions [HerculanoHouzel et al., 2015] . Currently the overlap between genomic datasets and estimates of neuron number in primates is insufficient for meaningful comparisons.
In summary, we have presented an analysis aimed at providing an initial assessment of the strength of selection targeting genes with development roles in distinct brain regions. Although our understanding of gene ontology is far from complete, we have illustrated how this information can be used to test hypotheses in a phylogenetic comparative setting, in addition to post-hoc enrichment analyses. Our data suggests that, among proteincoding genes, there is currently no evidence that selection is limited or biased towards genes affecting cerebral cortex development, and encourage evolutionary geneticists to adopt a cohesive view of brain evolution that encompasses the recognised importance or non-allometric expansion of non-cortical regions and to tackle the central question of co-evolution and the relative genetic independence of brain components. Finally, we further illustrate the potential of hypothesis driven comparative genetics in dissecting the genetic basis of phenotypic evolution. The ever-increasing numbers of sequenced genomes will permit increasingly powerful analyses of the targets of selection and their phenotypic relevance.
